We have taken a rational approach to redesigning the amino acid binding and aminoacyl−tRNA pairing specificities of bacterial glutaminyl−tRNA synthetase. The four-stage engineering incorporates generalizable design principles and improves the pairing efficiency of noncognate glutamate with tRNA Gln by over 10 5 -fold compared to the wild-type enzyme. Better optimized designs of the protein− RNA complex include substantial reengineering of the globular core region of the tRNA, demonstrating a role for specific tRNA nucleotides in specifying the identity of the genetically encoded amino acid. Principles emerging from this engineering effort open new prospects for combining rational and genetic selection approaches to design novel aminoacyl−tRNA synthetases that ligate noncanonical amino acids onto tRNAs. This will facilitate reconstruction of the cellular translation apparatus for applications in synthetic biology.
T he expansion of genetic codes through incorporation of noncanonical amino acids (ncAAs) offers substantial potential to develop designer proteins capable of yielding new insights into cellular processes. 1, 2 Engineering of the translational apparatus is also a key foundational technology in synthetic biology, with possible applications to metabolic pathway reconstruction, design of antimicrobial resistance, cancer therapeutics, and other areas. 3 These aspirations depend on the creation of novel aminoacyl−tRNA synthetases (aaRS) capable of ligating one or more ncAAs to a new tRNA that reads an unused codon triplet or quadrupletmost commonly the UAG amber stop codon. 4−7 A directed evolution approach involving both positive and negative selections, applied to libraries targeting an aaRS active site, has allowed incorporation of over 100 ncAAs in bacterial or eukaryotic cells. 5, 8, 9 The choice of which aaRS scaffold to employ in these selections has been largely dictated by the requirement for orthogonality: neither the new aaRS nor the new tRNA may substantially cross-react with endogenous parallel aaRS−tRNA systems. In some cases, orthogonality may also require that similar positive and negative selections be carried out to optimize the tRNA sequence. 10, 11 Although this directed evolution approach has been successful in producing ncAA-containing proteins in vivo, better integration of the new aaRS−tRNA pairs into the translational apparatus requires further efforts. Very high concentrations of ncAAs and overexpression of tRNAs and engineered aaRS are presently needed for efficient protein synthesis, but these features diminish cellular fitness by increasing competitions with endogenous aaRS for both amino acid and tRNA pools. 6, 12, 13 Further, limits to the number of amino acid positions that can be sampled in libraries have generally confined explorations of aaRS structures to the immediate amino acid binding site environments. The development of multiplex automated genome engineering (MAGE) greatly streamlines library constructions and allows for introduction of mutations at many loci but does not solve the problem of where to target.
14 Limitation of the selections to a small number of aaRS scaffolds, primarily methanogen tyrosyl− and pyrrolysyl−tRNA synthetases (TyrRS; PylRS), likely further limits the range of ncAAs that can ultimately be incorporated. 8, 15, 16 Weak activities of genetically selected aaRS in amino acid activation and tRNA transfer, 6, 8, 17 and susceptibilities of enzyme-bound noncanonical aminoacyl adenylates to competitive attack by water, 18, 19 underlie the requirements for high concentrations of ncAAs and orthogonal tRNAs in selections. We suggest that these deficiencies in the catalytic performance of aaRS enzymes emerging from directed evolution may be remediated through methodologies that incorporate rational design. 6 This approach is facilitated by reliable crystal structures bound to cognate amino acid for nearly all of the 24 phylogenetically independent families of aaRS. 20 The aaRS families are partitioned into two structural classes (class I and class II), possessing class-specific homologous catalytic domains. Within each class, the exhaustive sequence information for aaRS (and tRNAs) then allows construction of structure-based alignments and predictions of selectivity determinants for coded amino acids. An early application of this rational design approach to a different enzyme family was the successful identification of chymotrypsin specificity determinants by transplantation of amino acids into the homologous trypsin scaffold. 21 We posited that rational design could be similarly effective in elucidating how homologous aaRS architectures have differentiated to select among the large number of amino acids present in the cell. This approach is analogous to the transplantation of proposed tRNA identity nucleotides into noncognate tRNA frameworks, which is long established in the aaRS field. 22 Insights derived from this rational engineering should then assist in formulating new approaches to obtain novel aaRS capable of encoding ncAAs for synthetic biology.
We have chosen Escherichia coli glutaminyl−tRNA synthetase (GlnRS) as a model class I enzyme for rational design based on extensive structural and mechanistic studies, and on its function as a relatively small 553 amino acid monomer ( Figure 1A ). 23−25 GlnRS requires tRNA Gln as a cofactor for synthesis of the activated glutaminyl adenylate intermediate and is thus properly considered as a ribonucleoprotein (RNP) enzyme. 20 Previously, we reported early steps in a multistage design process in which amino acids derived from human glutamyl−tRNA synthetase (GluRS) were introduced into the GlnRS scaffold. 26, 27 GlnRS originated in early eukaryotes from the duplication and subsequent differentiation of a gene encoding a nondiscriminating archaeal GluRS (GluRS ND ) capable of aminoacylating both tRNA
Glu and tRNA Gln with glutamate (Glu). 28 The presence of GlnRS in some contemporary bacterial taxa is solely a consequence of horizontal gene transfer from eukaryotes, and the enzyme is more closely related to eukaryotic than bacterial GluRS.
All GluRS possess two arginine (Arg) residues that bind the Glu substrate carboxylate group, while all GlnRS retain only one Arg ( Figure 1B ; Supporting Information Figure 1 ). We previously showed that introduction of the second Arg into GlnRS (GlnRS C229R) lowers K m (Glu) from >750 mM to 240 mM, but without improving k cat /K m for Glu−tRNA Gln synthesis (which is diminished by 10 7 -fold compared to Gln−tRNA Gln synthesis by wt GlnRS (Table 1) ). 26 Most GlnRS and GluRS also possess three additional distinguishing residues in their homologous primary amino acid binding sites (S1 sites). Further introduction of these three GluRS residues into GlnRS generated the S1 GlnRS enzyme (Table 1; Figure 1B ), which exhibited 20-fold improved k cat /K m for Glu−tRNA
Gln synthesis compared to WT GlnRS. However, S1 GlnRS remains highly inefficient, with k cat /K m still reduced by nearly 10 6 -fold compared to Gln−tRNA Gln synthesis by wt GlnRS. 26 This full replacement of all first-shell protein residues represents the first stage of the rational design effort. It demonstrated that determinants of amino acid selectivity in GlnRS must be primarily located outside of the immediate amino acid binding pocket. Neither S1 GlnRS nor the enzymes produced in the later design stages retain any detectable activity for cognate Gln−tRNA Gln synthesis. In the second stage of design, we examined more distal elements of protein structure within the second half of the catalytic Rossmann fold (RF), which is primarily responsible for amino acid binding in class I aaRS ( Figure 1C ). Because protein sequence alignments did not identify significant conserved differences between GlnRS and GluRS enzymes outside of the S1 site (Supporting Information Figure 1 ), we swapped distal human GluRS peptides into S1 GlnRS based on structural considerations. Replacement of two surface loops bridging RF secondary structure elements (loops L1 and L2; Figure 1C ) improved k cat /K m for Glu−tRNA Gln synthesis by 10 3 -fold compared to S1 GlnRS and reduced K m (Glu) by 40-fold (L1L2 GlnRS; Table 1 ). 26 Replacement of distal surface loops in serine proteases similarly effected conversion of amino acid selectivity in the context of peptide bond hydrolysis, providing inspiration for these experiments. 21 In the third design stage, we examined all interactions made by the 23 replaced amino acids in L1L2 GlnRS with surrounding regions of the protein structure. 27 This allowed assessment of the role of selected third-shell residues in amino acid substrate discrimination and of the potential for noncomplementarity between the introduced mutations and surrounding regions of the protein. By this process, we found that the W256Y mutation, representing a reversion back to the GlnRS sequence, improved K m (tRNA) and K m (Glu) each by 2-fold compared to L1L2 GlnRSprobably by alleviating a steric clash with nearby Ile14 (Table 1 ; Figure 1D ). 27 K m (Glu) in L1L2W256Y GlnRS is well below the intracellular Glu concentration in E. coli and is lower than measured for yeast GluRS and archaeal GluRS ND (Table 1) . 27, 29 The k cat in L1L2W256Y GlnRS is identical to GluRS ND , although it remains 15-to 30-fold lower than that of E. coli GlnRS or yeast GluRS. However, K m (tRNA) is 15-to 125-fold higher than measured in cognate aminoacylation by any of the three benchmark enzymes annotated in Table 1 , despite the fact that Figure 2 and the Supporting Information.
e Reported in ref 32. no mutations at the tRNA Gln interface were introduced. Therefore, while alterations to protein structure alone fully recreate a functional Glu binding site in GlnRS, the resulting hybrid enzyme remains deficient in pairing amino acid with tRNA. These observations underscore the interdependence of amino acid and tRNA binding in GlnRS, 24, 30 as previously illustrated by the sharply elevated K m (tRNA) for Glu−tRNA Gln synthesis by the wt enzyme (Table 1) . 31 Although comparable protein engineering experiments have not been performed with other aaRS, it is likely that such substrate interdependence is embedded in the architectures of all aaRS from both structural classes. 20 These observations led us to consider a fourth rational design stage to explore the possibility that RNA structure is required for amino acid coding. Sequence comparisons among bacterial tRNA Gln and eukaryotic tRNA Glu species reveal conserved differences in the acceptor arm at positions 3−70 and 5−68, and in the globular core at positions 16 and 59 in the T and D loops, respectively (Figure 2A,B) . 32 We began by pairing GlnRS L1L2W256Y with a mutant tRNA Gln in which the G3−C70 and G5−C68 pairs were altered to C3−G70 and U5−A68, respectively (Q/E_tRNA1; Figure 2 ). Remarkably, K m (tRNA) is reduced 4-fold by incorporation of these tRNA Glu acceptorstem base pairs, suggesting improved complementarity at the protein−RNA interface in a region close to the introduced eukaryotic GluRS peptides (Table 1 ; Supporting Information Figure 2 ). However, k cat for Glu−tRNA Gln synthesis is diminished 7-fold while K m (Glu) is elevated by 5-fold in this hybrid RNP, thus diminishing its overall catalytic performance.
These findings suggest an allosteric mechanism connecting protein−RNA contacts at base pairs 3−70 and 5−68 in the acceptor stem, with both the Glu binding site and the catalytic center where the two-step aminoacylation reaction occurs. To test this, we examined distinguishing bacterial GlnRS and eukaryotic GluRS interactions at these acceptor-stem positions. Arg237 and Arg238 in E. coli GlnRS, which interact with the sugar−phosphate backbone at nucleotide G5 (Figure 2) , are replaced by Asp237 and Glu238 in GluRS. We therefore constructed the L1L2W256Y/R237D/R238E GlnRS enzyme and examined its capacity to glutamylate Q/E_tRNA1. k cat for Glu−tRNA Gln synthesis is fully reconstituted in this RNP, and K m (Glu) is unchanged, but K m (tRNA) is elevated 3-fold ( Table  1 ). The reconstitution of k cat indeed suggests intramolecular signaling of acceptor-stem backbone interactions to the catalytic center, but the other measurements indicate that this subregion of the protein−RNA interface does not operate as an independent module but instead depends on other portions of the RNP for its function.
Next, we examined the role of the tRNA core domain. Introducing the C16U and A59U mutations into tRNA Gln , to generate the Q/E_tRNA2 species for pairing with GlnRS L1L2W256Y, again improves K m (tRNA) but diminishes k cat while sharply elevating K m (Glu) above 50 mM. This behavior is qualitatively similar to that observed with Q/E_tRNA1 (Table  1) . However, the sizes of the D and variable loops differ between bacterial tRNA Gln and eukaryotic tRNA Glu , suggesting that C16U/A59U has a disrupted tRNA structure. We therefore reconstituted the full human tRNA Glu core region by introducing nine additional alterations in the D and variable loops to generate Q/E_tRNA3 (Figure 2 ). Kinetic analysis shows that L1L2W256Y GlnRS paired with Q/E_tRNA3 is significantly improved for Glu coding compared to all prior RNP designs. Compared to L1L2W256Y paired with wt tRNA Gln , k cat for glutamylation is increased 3-fold, K m (tRNA) is improved by 2-fold, and K m (Glu) is maintained at about 2 mM (Table 1 ). These experiments demonstrate that the tRNA Glu core region is an RNA determinant that specifies Glu for coding within the general architecture of class I aaRS RNPs.
Combining the acceptor stem and full tRNA core region replacements into one RNA (Q/E_tRNA4) has distinct effects on tRNA versus Glu-related kinetic parameters. K m (tRNA) shows substantial additivity between the two "single" substitutions in the acceptor stem and core (Q/E_tRNA1 and Q/E_tRNA3, respectively) and the "double" substitution in Q/E_tRNA4 (see Supporting Information Figure 3) . Therefore, enzyme−tRNA interactions at the inner elbow and acceptor stem regions appear to be largely independent of each other with respect to a Michaelis parameter that approximates tRNA binding. Because of the additive effects, K m (tRNA) for the RNP composed of GlnRS L1L2W256Y paired with Q/ E_tRNA4 falls below 1 μM and is elevated by just 2-fold compared to the native GlnRS−tRNA Gln interaction (Table 1 ). This demonstrates that rational design can be successfully applied to adjust this key steady-state kinetics parameter into a physiologically relevant range commensurate with intracellular tRNA concentrations.
In contrast, the GlnRS L1L2W256Y:Q/E_tRNA4 RNP exhibits little additivity with respect to K m (Glu); instead, the "double" substitution maintains a relatively low value for this parameter that primarily reflects the influence of the core region (Table 1 ; Supporting Information Figure 3) . It is remarkable that the more distal tRNA Glu -like core dominates the formation of the Glu binding site, since the introduction of positive RNA determinants in this region blocks the disruptive effect of the proximal acceptor stem base-pair swaps in Q/ E_tRNA1. These data again emphasize that long-range allosteric signaling from the tRNA core region interface to the Glu binding site is a key aspect of Glu coding in this bacterial system. Unlike all prior experiments based on subtractive mutagenesis, this rational engineering approach definitively demonstrates that RNA determinants are required for efficient amino acid−RNA pairing, at both k cat and K m (tRNA) levels. Such RNA elements may represent vestiges of an early RNA world in which amino acid coding for protein synthesis was facilitated by direct amino acid−RNA interactions. 33 The exclusive role of protein in forming the amino acid binding pocket of contemporary aaRS RNPs obscures this function of the RNA, and indeed we have shown that tRNA Glu nucleotides are not required to optimize K m (Glu) in the engineered enzymes. However, the protein binding site for Glu does not function optimally in RNA pairing unless RNA nucleotides that encode Glu are also included in the RNP. We suggest that optimization of allosteric linkages operating between the mutated tRNA core region and acceptor stem base pairs, by rational design of the intervening protein elements (Figure 3) , should further improve function. k cat /K m (tRNA) for the engineered RNPs remains 30−100-fold below that of the naturally occurring benchmark enzymes (Table 1) , and improving this parameter likely requires repair of protein structure in peptides adjacent to the R237D/R238E substitutions ( Figure 2) .
Our findings provide insights that should be useful in creating new aaRS that encode ncAAs for synthetic biology applications (Figure 3 ). Randomizing the local amino acid binding sites of archaeal TyrRS and PylRS generates enzymes capable of ncAA incorporation, an outcome that likely rests on the fact that the aaRS scaffolds were not under selective pressure to resist these ncAAs. However, our experiments suggest that directed evolution will not succeed in generating highly efficient enzymes unless the second/third shell protein residues and the allostery between amino acid and tRNA substrates are also considered. All aaRS are large multidomain proteins that bind tRNA in a mutual induced fit process that likely proceeds by formation of an initial encounter complex, followed by first-order rearrangements that may also be affected by the binding of ATP and amino acid. 20 These common features observed in X-ray structures predict that allosteric functional linkages between tRNA and amino acid binding, and the broad dispersal of amino acid specificity determinants, will also be prevalent if not universal among the aaRS.
Although the design of ncAA-coding aaRS cannot benefit from structure/sequence databases, one approach that may allow generation of more catalytically proficient enzymes could be to rationally engineer sets of hybrid methanogen TyrRS and PylRS that incorporate distal structural elements from other homologous class 1c and class 2c aaRS, respectively. This would substantially expand the number of subtly distinct scaffolds for use in genetic selections (Figure 3 ). For example, structural elements from the closely homologous class Ic TrpRS could be swapped into the TyrRS scaffold to generate hybrids capable of Trp-tRNA Tyr synthesis; these hybrids would then provide a starting point for directed evolution. The exquisite sensitivities of naturally occurring aaRS to mutational perturbation suggests that even relatively small differences in active site structures and dynamics, within families of such rationally engineered hybrid enzymes, could generate significant differences in capacities for ncAA incorporation when subjected to directed evolution. Systematic rational engineering of methanogen TyrRS and PylRS along the lines described here would allow assessment of the nature and spatial distribution of amino acid specificity determinants, and the extent to which they may reside in the RNA. Precise choices of residues to be randomized, within the context of rationally engineered scaffolds, will clearly best be made when a quantitative database of structure−function information is available.
A second insight arising from these experiments is that directed evolution strategies that include selections for optimizing orthogonality in the tRNA should account for the possibility that the derived tRNAs may acquire nucleotides that render them less efficient for incorporation of a desired ncAA. This notion emerges from our finding that tRNA Glu core elements are positive determinants for encoding Glu. Careful measurements of kinetic parameters for aminoacylation of ncAAs by selected RNPs are required to evaluate this and other detailed properties of ncAA-encoding aaRS. 34 RNA and protein sequences in ncAA-encoding RNPs should be optimized for both orthogonality and efficiency of aminoacylation.
Finally, it is worth noting that none of the efficiently functioning hybrid RNPs constructed in our studies alter any part of the tRNA anticodon arm, despite the important role for tRNA anticodon loop nucleotides in specifying tRNA Glu and tRNA Gln identities. 24, 30 Although further experiments are required to fully evaluate this notion, it appears that anticodon recognition by GlnRS may be less fully integrated into the protein−RNA allosteric network than we have previously suggested. 24 Perhaps either GlnRS-like or GluRS-like anticodon recognition may be substantially compatible with coding of either amino acid. The relative independence of anticodon recognition is beneficial to the further development of orthogonal translation systems.
■ METHODS
Construction and expression of mutant enzymes was performed as described previously. 26, 27 tRNAs were generated by in vitro transcription from templates assembled from overlapping nucleotides and were refolded and further purified as described. 35 Modified nucleotides do not have kinetic effects in this system. 24 All enzyme assays utilized tRNAs that are 32 P-labeled at the 3′-internucleotide linkage via the exchange activity of tRNA nucleotidyltransferase. 36 Plateau aminoacylation values were 65% or better for all measurements. Details of experimental approaches and representative primary data, protein sequence alignments, discussions of the rationale for the kinetics methodology chosen, and calculations of free energy additivities may be found in the associated Supporting Information.
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